Abstract. Vertical misfit of implant-abutment interface can affect the success of implant treatment; however, currently available modalities have limitations to detect these gaps. This study aimed to evaluate implant-abutment gaps in vitro using optical coherence tomography (OCT). Vertical misfit gaps sized 50, 100, 150, or 200 μm were created between external hexagonal implants and titanium abutments (Nobel Biocare, Göteborg, Sweden). A porcine gingival tissue slice, 0.5, 1.0, 1.5, or 2.0 mm in thickness, was placed on each implant-abutment interface. The gaps were evaluated by swept-source OCT at a center wavelength of 1330 nm (Panasonic Healthcare, Ehime, Japan) with beam angles of 90, 75 and 60 deg to the implant long-axis. The results suggested that while the measurements were precise, gap size and gingival thickness affected the sensitivity of detection. Gaps sized 100 μm and above could be detected with good accuracy under 0.5-or 1.0-mm-thick gingiva (GN). Around 70% of gaps sized 150 μm and above could be detected under 1.5-mm-thick GN. On the other hand, 80% of gaps under 2.0-mm-thick GN were not detected due to attenuation of near-infrared light through the soft tissue. OCT appeared as an effective tool for evaluating the misfit of implant-abutment under thin layers of soft tissue. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Dental implants, which retain prostheses by substituting the root of a lost tooth, have made a great contribution to prosthetic dentistry. In the mid-twentieth century, Brånemark discovered that titanium adhered firmly to the bone; since then, implants have undergone a major evolution, with a large number of implants being developed in different ways and based on different theories. [1] [2] [3] Basically, an implant unit is composed of an implant fixture inserted into the prepared bone socket, an abutment screwed to the implant, and the prosthetics placed over the abutment. Now, there are a number of prosthetic implant-abutment choices, among which the dentist is supposed to choose the most predictable and reliable one.
All prosthetic abutments in some way end up being screwed on implants, which generally provide two types of platforms, internal and external connections. Regardless of the type of platform, an interface is generated between the implant and abutment, which is located at the remaining bone beneath the gingival margin. Tight closure of the interface between the abutment and implant is critically important since an excessive level of gap could cause harm, such as plaque accumulation, difficulty to remove cement, and stress in the cervical area of the implant. [4] [5] [6] Additionally, microleakage produced by a gap between the components of implant restorations allows the passage of acids, enzymes, bacteria, and/or their metabolic products. 7 Several studies show that the bacteria are present on all surfaces; outside, between the implant components, and within them. 5, 8, 9 These bacteria and metabolites directly affect the periodontal tissue, causing bleeding, swelling, and odor; 10, 11 the bacteria can trigger the development of inflammation (known as periimplantitis) and subsequent bone and implant loss. 12, 13 Therefore, an absolute and passive fit of the abutment to the implant has been considered as prerequisite for long-term clinical success.
The detection of marginal gaps at the implant-abutment interface is a common clinical task in prosthodontics treatment. Various methods have been suggested for the monitoring of the fit. These methods include probing with dental explorers, visual control, use of a periotest device, etc.
14, 15 Intraoral radiography has been shown to be the most popular method for the verification of the gap at the implant-abutment interface. Specific techniques, such as using a paralleling device, should be used to ensure proper angulation of the x-ray film and the radiographic tube, but their use in daily practice is often neglected. Intraoral radiography, however, shows certain limitations and false diagnosis of the x-ray may occur. [16] [17] [18] Therefore, a new imaging/detection modality for this purpose is on demand and would be extremely helpful in implant dentistry.
In the past two decades, optical coherence tomography (OCT) has been addressed as a noninvasive cross-sectional imaging of the internal biological system at the micrometer scale. 19 It is a promising imaging modality, which does not require cutting and processing of the specimens and allows the visualization of microstructures of tissue and biomaterials in the real time. 19, 20 OCT was developed based on the concept of low-coherence interferometry. In simple words, a laser source is projected over a sample, and the backscattered signal intensity from within the scattering medium reveals depth-resolved information about scattering and reflection of the light in the sample. The signal from serial scans can be transformed into a two-dimensional (2-D) image by software. 19 It has been reported in the literature that the first application of low-coherence interferometry in the biomedical optics field was for eye length measurement in late 1980s. Now, OCT is being used as a clinical diagnostic modality in various medical fields. 21 In dentistry, the first series of reports about imaging of the dental hard and soft tissues appeared in the late 1990s. [22] [23] [24] Afterward, several researchers used different types of OCT systems for research and diagnosis of dental diseases, including periodontal diseases and early caries lesions. [25] [26] [27] [28] [29] The majority of earlier OCT imaging systems were based on the principles of time-domain low-coherence interferometry. The OCT technology has been greatly advanced by the introduction of spectral discrimination techniques, which provide a substantial increase in sensitivity over traditional time-domain OCT. Swept-source OCT (SS-OCT) is one of these recent developments; SS-OCT uses a wavelength-tuned laser source and provides improved imaging resolution and scanning speed. 30 More recently, the SS-OCT systems with hand-held probes suitable for intraoral imaging have been introduced. 31 The location of abutment-implant gingival interface is relatively accessible for imaging; however, limited imaging depth range of OCT and attenuation of the signal through the overlying GN tissue are concerns for obtaining suitable images of the implant surface (IS). To date, no studies have investigated the potential of OCT for detection of marginal gaps at the implantabutment interface. Therefore, the purpose of this study was to evaluate the detective ability of SS-OCT in misfit of the abutment-implant interface at different imaging inclinations and overlying gingiva thicknesses. The null hypotheses in this study were that the implant gaps size measured by SS-OCT did not correspond to the actual gap size (GS) and that the measurement was not affected by the thickness of GN or imaging inclinations.
Materials and Methods

Preparation of the Samples
The implants used were 4.0 × 13-mm threaded, titanium oxidesurface implants with a machined collar and external hexagonal connection (Brånemark System Mk III TiUnite RP φ 4 mm, Nobel Biocare, Göteborg, Sweden) and the abutments used were titanium abutments (Healing Abutment Brånemark System RP φ 4 × 3 mm, Nobel Biocare, Göteborg, Sweden). Stainless steel plates of 50, 100, 150, and 200 μm in thickness were obtained and cut in sizes of 5 × 10 mm (Oguchi Shearing, Nagano, Japan). In order to create gap spaces of known dimensions, two of the plates were placed in the opposite direction between an implant and an abutment, and the abutment was screwed on the implant using a wrench at 35 N-cm of torque, as recommended by the manufacturer [ Fig. 1(a) ]. After the specimens were stored in room temperature for 24 h to stabilize the dimensions of the stainless steel plates, direct observation and confirmation of the actual gaps of the implant-abutment interface were accomplished by confocal laser scanning microscope (1LM21H/W, Lasertec Co., Yokohama, Japan). The parameters used for this technique were as follow; numerical aperture: 0.30, magnification: 250×, and nominal resolution >0.30 μm.
OCT Imaging
Fresh porcine periodontal tissues, obtained from a local slaughter house (Tokyo, Japan), were sliced in advance in thicknesses intended to be 0.5, 1.0, 1.5, and 2.0 mm. The thicknesses of the gingival slices at the time of experiment were measured by SS-OCT as described later. The sliced tissues were placed on the implant-abutment interface where the gaps were located. Each of the samples was placed on top of a silicone impression material in order to acquire B-scan images by SS-OCT. A schematic of the system (Dental SS-OCT, Prototype 2, Panasonic Healthcare, Co., Ltd., Ehime, Japan) used in this study was shown in Fig. 1(a) . The light source is a commercially available scanning laser and sweeps in the near-IR wavelength at a rate of 30 kHz over a span of 100 nm centered at 1330 nm.
Axial resolution of the system is 12 μm in air and the lateral resolution of 20 μm is determined by the objective lens at the hand-held probe designed for intraoral imaging. The acquired 2-D OCT image size was 2000 × 1019 pixels, with pixel dimensions of 0.5 × 6.87 μm. This system employs a complementary metal oxide semiconductor (CMOS) camera for real-time photographic imaging of a 10 × 10-mm 2 surface area on the scanned sample and is capable of acquiring serial 2-D sections (B-scans) to construct three-dimensional scans. The hand-held scanning probe connected to the SS-OCT was set at a fixed distance over the sample's surface, 20 images for each specimen were captured at 100-μm intervals with the scanning beam oriented approximately 90, 75, and 60 deg with respect to the IS with gap. Figure 1(c) is a photographic image obtained from CMOS camera attached to the scanning probe showing an in vitro sample subjected to OCT imaging.
OCT Image Analysis
SS-OCT raw B-scan data were imported to an image analysis software (ImageJ Ver. 1.48d) to detect significant increases in the signal intensity at the abutment-implant gap. 32 The higher signal intensity appeared as bright clusters formed by bright pixels at the gap. In this study, to calculate the size of those bright clusters, an experimental threshold determination algorithm developed as a plugin for ImageJ under JAVA was used. The measurement of the length of target white pixels (gap) over the region of interest (ROI) length was automatically done by this plugin, according to an algorithm described previously. 33 In short, after ranking all intensity values in the ROI, the threshold was determined so that the top 10% pixels were distinct from the background. This plugin can measure the X-component; in order to know the accurate length of 75 and 60 deg, the measurement should be divided by cos 15 deg and cos 30 deg, respectively.
Statistical Analysis
Statistical analysis of the results was performed using a statistical software package (SPSS Ver. 22.0 for Windows, SPSS, Chicago, Illinois). The bright cluster length (corresponding to increased OCT signal intensity) was compared among different groups according to the factors actual GS, OCT probe inclination, and gingival thickness (GT). The data was statistically analyzed with three-way analysis of variance (ANOVA) with the significance defined as p < 0.05.
Results
Figure 2(a) shows the 2-D OCT image of the control which was tightened without a stainless steel plate, and Fig. 2(b) shows the image which was overlaid with a porcine tissue demonstrating a good tightened component with an implant and an abutment. However, increased signal intensities at the implant-abutment interfaces of 2-D OCT cross-sections in Figs. 2(c) and 2(d) correspond to gaps between an implant and an abutment. Figure 3 shows the OCT representative images; implantabutment GS is 150 μm and OCT probe angle is 75 deg in this case, with various GTs. The white line, which indicated the gap of implant-abutment interface, was detected clearly under the gingival tissue of <1.0 mm in thickness [ Figs. 3(a)  and 3(b) ]. However, for the gingival tissue of 1.5 mm in thickness [ Fig. 3(c) ], the gap was detected only to some extent; and for the 2.0-mm-thick gingival tissue, it was challenging to detect the gap. A similar trend was observed in the cases of 90 and 60-deg probe angles. The white line was generally consistent with the actual GS in 0.5 and 1.0 mm of GT; on the other hand, these white clusters were found to be shorter than the actual GS under 1.5 and 2.0 mm of GT ( Table 1) .
The sensitivity data averaged among 90, 75, and 60 deg groups are plotted in Fig. 4 . It suggests that the bigger the gaps are, the easier they can be detected. Additionally, gap detection gradually became less sensitive with thicker gingival tissues. The sensitivity reflects the ability of this method to determine cases with implant-abutment interface gap at various GTs, or in other words, the proportion of actual positive gap cases correctly identified as such regardless of the accuracy of length measurement.
The null hypothesis of the present study was rejected since three-way ANOVA analysis of the OCT data revealed that all the factors of actual GS (p < 0.001), imaging probe angle (p < 0.05), and GT (p < 0.001) were significant, while the three-factor interaction was not significant (p ¼ 0.082). Paircomparisons of estimated marginal means with Bonferroni correction indicated that there were significant differences among values measured for 50, 100, 150, and 200-μm actual GSs (p < 0.001 in all cases). On the other hand, there was no difference in measurements between 75 and 60 deg (p ¼ 0.277) while they were both different from 90 deg (p < 0.001). Finally, gap values measured under 0.5 and 1.0-mm GT were not statistically different (p ¼ 1.00), while they were both significantly higher than those measured under 1.5-mm GN layer (p < 0.001). Table 1 shows the data of mean and standard deviation for each group. The 2.0-mm groups were excluded from statistical analysis due to an inadequate number of valid measurements.
Discussion
In this study, SS-OCT appeared as a potential tool which can evaluate the gaps between an implant and an abutment nondestructively and without the need of radiation exposure. When light from OCT probe was directed onto the samples, there was increase in signal intensity of light at the surface of the porcine gingival tissue. This increase in signal intensity occurs due to scattering of light traversing through media of different refractive indices (i.e., air and gingival surface). The surface of implant/abutment immediately beneath the gingival also appears to be bright on OCT images. It is well known that the OCT light has little penetration into the metal, and most of the light projected over the metal surface is backscattered.
The misfit of an implant and abutment appears as a depression with a depth of almost 0.7 mm as shown in Fig. 1(b) . The reflection at the base of this pseudo-depression is a total reflection of the beam at the surface of the metallic body of the implant and served as an indication of GS in the current Although the imaging probe degree turned out to be a statistically significant factor, the length correction could help to improve the accuracy of GS prediction. Moreover, a perfectly perpendicular beam orientation to the sample surface is not desirable since it often results in artifacts due to peculiar mirror reflections from smooth surfaces. A function to correct measured length according to the beam orientation can be incorporated as a software feature for a clinical OCT system; otherwise, it is an extra step that should be taken into account to improve the accuracy of measurement, particularly if the inclination angle is large.
It was reported that the microgap size of implant-abutment interface of some brands ranged from 2.3 to 5.6 μm even if tightened firmly. 34 Many previous studies have discussed the harmful effect caused by marginal misfit of the implantabutment interface; however, there is no evidence of the acceptable range of misfit. Most authors empirically accept 120 μm as the maximum tolerable misfit of dental restorations. [35] [36] [37] [38] In other words, clinically, gaps of this size or larger are not desirable and should be detected and corrected. It was suggested that the 200-μm gap was not detectable at angulations higher than 20 deg by the x-ray diagnosis; 39 therefore, the evaluation of implant-abutment gaps by SS-OCT is considered to be an accurate and sensitive method when compared with x-ray. However, the current results suggest that when the gaps were in the range of 50 μm, the OCT results were not as sensitive as those of 100 μm and above. This limitation is thought to be related to the noise resulting from imaging of total reflective metal surface and the lateral resolution of the current system, which was 20 μm. Lateral resolution (determined by spot size at the objective lens) is in tradeoff with range of focus in the current OCT set ups. 40 It appears that detection of an implant-abutment gap 2.5 times the nominal best resolution of 20 μm was challenging, particularly when the overlying gingival tissue was thicker. The OCT measurement depends on light intensity; the intensity of the light reaching a particular depth for any position across the sample is affected by how strongly features directly above that position reflect or randomly scatter the light. Nevertheless, it is noteworthy that in the cases where a distinct gap was detected over the background noise and measured, the measurement was quite accurate even for the smallest gaps ( Table 1) .
The results of the study indicated that sensitivity and accuracy of determination of implant-abutment vertical misfit by OCT is greatly affected by both the thickness of gingival tissue overlying the structure and size of the gap. Considering that gingival tissue is a very thin and soft structure, it was difficult to obtain slices with exactly the same thicknesses in this study. Therefore, the optical thickness of the slice in each group at the time of imaging was measured and reported. Determination of actual gingival tissue thickness by OCT requires knowledge of the bulk refractive index (n) of the tissue. The n is an important parameter of light propagation in biological tissues; indeed, scattering is the end result of local n variation. 41 Since there were no previous reports on the value of gingival tissue n, an additional experiment was carried out to determine the value. In the case of porcine gingival tissue, n value was calculated from five samples as 1.396 AE 0.051 by OCT using the optical path-length-matching method as previously described. 42 This value is in the range of 1.38 to 1.41 previously reported in the visible wavelength for various soft tissues such as kidney, liver, and blood in human and other mammals, 43 and close to n of dermis and muscle tissue evaluated by OCT in 1300-nm wavelength. 44 It has been shown that the OCT imaging depth is limited due to the attenuation of light (loss of signal) through the tissue. Light scattering and absorption are known to be dependent on n variations caused by microscopic tissue elements that eventually lead to attenuation. Attenuation through soft tissue would depend on compositional factors. Pathological changes can affect the optical properties of periodontal tissue; it has been suggested that multiple inflammatory indices can be monitored in periodontal tissues by infrared spectroscopy. 45 Likewise, the attenuation coefficient of GN is expected to depend on such factors as blood flow, oxygen levels, health state, etc. Further investigation is necessary to determine how these factors affect OCT imaging through the oral mucosal tissue.
Colston et al. 23 demonstrated the potential of OCT to obtain images of dental structures through the oral mucosa. The current results suggest that 1-mm thickness of healthy gingival tissue did not significantly affect the OCT measurements, whereas 2 mm or thicker of the tissue would remarkably decrease the sensitivity of the current OCT system. Clinically, Cardaropoli et al. 46 reported that the thickness of gingival covering the implant above bone is 1.3 AE 0.8 mm at the time of implant placement and 1.6 AE 0.7 mm at the time of abutment connection. On the other hand, in the anterior region of the mouth, gingival tissue is relatively thin and the implants are required to be placed as deep as possible into the bone because of aesthetic reasons. Therefore, direct observation of the implant-abutment surface is more difficult. In this regard, OCT is expected to be an effective tool for detecting implantabutment gaps, particularly in the anterior region.
Regardless of the accuracy of GS measurements and image analysis approach, the fact that OCT imaging can help in finding these gaps with good sensitivity is very promising. Even in the case where the metal reflection from the bottom of the gap is not detected, OCT could be used to evaluate the space left open between the outer surface of the abutment and implant. Nevertheless, only clinical imaging can confirm that the proposed application for OCT is feasible.
